A tgchnique was developed for closedchest bypass of the right ventricle. Blood is removed from the right alrium and returned into the pulmonary artery. The blood return cannula can be inserted without x-ray equipment. The maximum flow through the system is ten liters per minute. Acute right ventricular failure produced by embolization of pulmonary arteries with starch could be treated promptly and repeatedly with the bypass. In six out of eight failure periods, the right ventricle had recovered after only five minutes of bypass Progressive d s crease of the arterial oxygen saturation, inherent with diffuse pulmonary embolization, could not be reversed. During ventricular fibrillation, while the circulation was maintained with closed-chest left ventricular bypass (transarterial), right heart bypass could not substitute right heart-function. The reasons for this failure were incompetence of the pulmonary artery and bicuspid valves and increase of pulmonary arterial resistance.
he development of cardiocirculatory assist deTvices has been almost exclusively directed towards improvement of left ventricular function.' Although left-sided heart failure indeed constitutes the main= deficit in most cases of circulatory collapse, there remains ample reason to consider treatment of right ventricular failure with mechanical means. Acute intractable right heart failure can occur in combination with left ventricular failure or independently caused by pulmonary embolism, pulmonary hypertension or volume overload.
Recently it has been demonstrated that balloon counterpulsation in the pulmonary artery can improve right ventricular function and thereby the entire circulati~n.~.~ The present study evaluates the effects of right ventricular bypass-on right ventricular failure. It was anticipated that with a bypass, extreme states of circulatory collapse such as occur during paroxysmal ventricular tachycardia, ventricular fibrillation and asystole could still be treated. Acute right ventricular failyre was pro--> *From the Division of Artificial Organs and Institute for Biomedical Engineering, University of Utah, Salt-Lake City. This work was supported by The jbhn A. Hartford Foundation, The Max C. Fleischmann Eoundation, The Christina Foundation, and The Lad L. and Mary Hercjk Fund.
Reprint requests: Dr. Zu;art, University of Utah Medical Center. Salt Lake City 84112 duced by embolization of the pulmonary artery with starch or by induction of ventricular fibrillation.
Twelve Columbia sheep weighing 45 to 55 kg, were fasted for 48 hours and anesthetized with sodium methohexital 200 to 300 mg and scopolamine 1 to 2 mg intravenor~sly. Following endotracheal intubation, respiration was controlled with an Engstrom respirator (150 hlIVAB), rtmm air 70 percent and oxygen 30 percent, frequency 16 per minute, tidal volume 800 nil. Anesthesia was continued with lialothane.
The right ventricle ( R V ) was bypassed with cannula5 inserted via the external jugular veins and passed down into the right atrium (RA) and pulmonary artery ( P A ) (Fig 1,  2 ) . The cannulas +were connected with a f;" ID six fcmt Silastic tube which in turn was mounted in an cmlusive calibrated roller pump. Blood was removed from the RA and returned into the PA. Details on the cannulation technique are presented under the section, Results.
Experiments were divided in three groups.
Group I (three sheep) : Cannula techniques for closedr chest right ventricr~lar bypass (RVB) were developed. The pulmonary artery was embolized with starch until right ventrici~lar (RV) failure occurred. Some pilot euperiments were performed with the bypass but the sheep were essentially left untreated and served as controb.
Group 2 (three sheep): Failure was produced with corn starch embolization of pulmonary-arteries. The effects of RVB before and during RV failure were stt~died. Fig 1) .
The effects of RVB were determined before and during ventricular fibrillation.
The pulmonary arteries were embolized with a 10 percen't suspension of starch in 0.9 percent saline. The mean diameter of swollen starch grains is 14.4 & 0.6 micron.:! An initial dosage of 5 ml of the suspension was given intravenously. Additional injections of 2 ml were administered at intervals of ten minutes until RV failure occurred.
Ventricular fibrillation was prtduced with a 6 V DC current applied directly to the heart with needle electrodes. During ventricular fibrillation the circulation was maintained with left ventricular bypass (LVB). Blotd was removed from the left ventricle (LV) with a 45 cm long, 6 mm OD, 0.3 mm wall-thickness flexible cannula which was inserted via the right carotid artery past the aortic valve. The blood was reh~rned with an occlusive calibrated roller pump into a femoral artery. This bypass has been described in detail previor~sly.*.Vt can be operated equally well in open and closed chest animals ( Fig 3 ) .
Bypass flows were calculated from the rpm of the roller pumps. Prior to bypass the sheep were heparinized ( 2 mg per kilogram body weight). The arterial and right atrial pressure ( AP and RAP) were meawred in all sheep with catheters inserted via a femoral artery and vein. In group 2, pr~lmonary arterial pressure (PAP) was measured from the RVB blood reh~rn cannula in between bypass periods. In three sheep of group 3, the right ventricular pressure ( RVP ) , PAP, and left ventricular pressure (LVP) were measured with Sanborn transducen (Sanbom Company, Waltham, Massachusetts) and recorded together with lead aVF of the ECG on an eight channel Sanborn recorder.
The hematocrit, oxygen saturation (American Optical Oximeter ) and the pH ( Radiometer, Copenhagen ) of arterial blood were measured at regular intervals. The esophageal temperah~re and the end-respiratory pressure were recorded.
Surgical prtxedr~res were carried orit under clean conditions. In the threk latter sheep of group 3, the chest was opened through the fifth IC space on the right side. The experiments had an average duration of four hours (range 2 FIGURE 3. Transarterial closed-chest left ventricular bypass. Blood is removed from left ventricle (LV) with a wide-bore, flexible, thin-walled cannula which is inserted via a peripheral artery. A roller pump returns the blood to the systemic circulation. The circulation can be maintained even during ventricular fibrillation. to 6 ) . At termination of the experiments, the sheep were killed and autopsy was performed.
Cannulation Techniques ( group 1 ) : Two techniques were developed for closed-chest RVB. In one (Fig 1) a double lumen cannula was used, consisting of an inner tube: 7.0 OD, 5.5 mm ID, 45 cm long of Tygon, and an outer Silastic tube: 12.0 OD, 10.0 mm ID, 16 cm long. The cannula was inserted via the right external jugular vein. Manipulation of the inner cannula into the PA is illustrated in Figure 4 . For another RVB cannulation technique, separate blood outllow and return cannulas were used ( Fig 2 ) . The outflow cannula ( Bardic 32-34) was inserted into the RA via the left external jugular vein. The blood return cannula (Tygon tube, 12.0 OD, 10.0 mm ID, 45 cm long) was inserted into the PA via the right external jugular vein.
Both cannulation techniques were easily mastered after some practice, and no x-ray equipment was necessary. During manipulation in the RV, some premature ventricular contractions were observed but once in position, the cannulas did not cause arrhythmias. first circuit was 5.5 Llmin (water 22" C, input pressure 5 cm H20, outflow pressure 50 mm Hg). The maximum capacity of the second system was 10 Llmin. If a catheter was inserted into the pulmonary artery for diagnostic purposes, the blood return cannula could be passed down using the catheter as a guide. No special cannulation technique was then necessary. After a mean dosage of 0.4 ml per kg body weight of starch suspension, RV failure occurred and the sheep died from systemic shock and arterial desaturation. At autopsy, no abnormalities were observed that could be related to the cannulas.
Pulmonuy Artery Embolization (group 2): The two-cannula system was used for closed-chest RVB (Fig 2) . Before embolization, mean RAP was below 6 mm Hg. RVB could be operated at flows of only 0.4-1.2 Llmin (mean 0.8). During bypass RAP fell to a mean of 2 mm Hg, all other hemodynamic parameters remained unchanged.
After each starch embolization, PAP increased and AP decreased, but initially returned spontane-.ously to control values within five minutes. Later PAP remained at a slightly higher level after each consecutive embolization. RV failure occurred eight times after 22 to 64 ml (mean 0.9 ml per kilogram of body weight) of starch suspension were injected. Failure was characterized by a sudden decrease of PAP ( 2 to 40, mean 13.2 mm Hg) and AP (20 (Fig 5) . The mean RVB flow was 3.9 L/min (range 2.7 to 5.2). The bypass was discontinued after five minutes. The hemodynamic improvements remained stable thereafter at the first. RV failure in all sheep. Starch embolization was then continued until failure occurred again. It could be treated similarly in sheep 5 and 6. In sheep 4 failure was reversed during bypass but recurred after the bypass was discontinued. In sheep 5 and 6 a third RV failure period, produced with further embolization, could be treated effectively. Sheep 5 survived until 80 minutes thereafter when it died from recurring RV failure with shock and arterial desaturation.
At the time of the first RV failure, the oxygen saturation was low in sheep 4 and 6 (85 percent and 93 percent). At each next RV failure the oxygen saturation had decreased further in all sheep. After five minutes of RVB, the saturation had decreased further in five RV failure periods ( 5 to 12, mean 8 percent) and increased in three ( 2 to 5, mean 3 percent ) .
The end-inspiratory pressure at the time of the first RV failure had increased in all instances ( 6 to 16, mean 12 cm H20). A further rise was invariably observed at the next failure ( 4 to 9, mean 7 cm HzO). After five minutes of RVB, the pressure had decreased in all cases ( 2 to 14, mean 8 cm HpO). The esophageal temperature remained between 38.2 and 39.4" C. The hematocrit dropped during RVB ( 1 to 6, mean 4 percent). At autopsy, no gross abnormalities were found in the hearts; pulmonary edema was observed in sheep 6. Ventricular Fibrillation (group 3): In the first three sheep (7, 8, 9 ) the double lumen cannula (Fig 1 ) was used for RVB and the chest remained closed. Before ventricular fibrillation was induced, mean LVB flow was 3.2 Llmin, mean AP 72 and RAP 7 mm Hg (Table 2) Hg. After RVB was started (mean flow 4.2) RAP decreased to 14 but AP and LVB flow did not change significantly.
In sheep 10, 11 and 12, the two cannula system (Fig 2 ) was used and the chest was opened. During ventricular fibrillation, similar changes occurred when RVB was started (Table 3 ) . RVP changed significantly in sheep 12 only; it dropped from 10 mm Hg to atmospheric pressure. PAP increased from a mean of 13 to 20 rnm Hg. The pulmonary arterial resistance increased 100 percent to 300 percent. LVP could be kept around atmospheric pressure. Mean RVB flow was 3.8 and LVB 2.4 Llmin.
If the pulmonary artery was tied around the RVB blood return cannula, RVP dropped from a mean of 18 to 5 mm Hg, and RVB flow decreased from a mean of 4.4 to 2.9 Llmin in sheep 10 and 11 ( Table 3 ) .
The mean hematocrit of all sheep in this group was 31 percent (28 to 33), mean pH was 7.58 (7.54 to 7.68) and oxygen saturation 93 percent (88 to 99). The mean end-inspiratory pressure was 26 cm H z 0 (22 to 34), the rectal temperature remained At autopsy, no gross abnormalities were found in heart and lungs.
COMMENTS
Cannulation for RVB without thoracotomy was mastered after experience was gained on the first three sheep. RVB was not complicated with arrhythmias or damage to the right side of the heart or pulmonary artery. The double lumen cannula had the advantage that only one vein needs to be dissected, but the capacity of the two cannula bypass was higher ( 10 L/min ) .
Pulmonary embolization is a convenient method for the production of acute right ventricular failure. Failure is characterized by a rise of RAP, a decrease of PAP and pulmonary flow and in later stages, by a decrease of AP. Once RV failure occurs, recovery is unlikely and the animals die shortly thereafter.= The three untreated sheep of group 1 did not recover from RV failure. There is a correlation between PAP and arterial oxygen saturation: as more emboli are injected and as the pressure rises, the saturation declines. Initially, desaturation can be treated with 100 percent oxygen, but after some 30 minutes, anoxemia recurs.
The cardiopulmonary effects observed in the sheep of group 2 are in confirmation with these findings. RV failure could promptly and invariably be relieved with RVB; RAP decreased and PAP and AP increased. In six out of eight failure periods studied, the right ventricle had recovered after only five minutes of bypass: PAP and AP were maintained near the preassist level and RAP remained low after the assist was stopped. Sheep 8 survived three successfully treated right ventricular failure periods for 80 minutes. The arterial oxygen saturation could not be increased with RVB. The endinspiratory pressure decreased during bypass.
The effect of RVB on acute RV failure was Table %Right 
